Abstract-In this paper, a compact and high isolation microstrip diplexer is designed for broadband and wireless local area network (WLAN) application, simultaneously. The bandpass filter (BPF) for broadband channel is formed by three-coupled-line structure and two short stubs with different size loaded in 50 Ω feed lines, and the BPF for WLAN channel consists of two coupling quarter-wavelength resonators (QWR) and one open stub loaded in short parallel-coupling feed structure. Multiple transmission zeros can be generated due to their intrinsic characteristics, so the broadband BPF with sharp skirt and wide upper-stopband performance and the WLAN BPF with sharp roll-off and lower-stopband characteristic can be realized. The tapped stub not only can generate new transmission zeros to deepen the stopband, but also can connect other BPF as an its part without deterioration of in-band performance. Hence, a compact microstrip diplexer combines of two BPFs without the extra junction matching network. The mutual loading effect approximately equivalent to a coupled QWR can also generate new transmission zero at the passband edge to improve the isolation. A microstrip diplexer with the 3 dB fractional bandwidths (FBW) of 80% for broadband channel and 5% for WLAN channel is designed and fabricated. Good agreement between the simulated and measured results is observed.
INTRODUCTION
A diplexer, as an essential component in multi-service and multi-band communication systems, is a three-terminal device which lets two or more frequencies into one input port and then separating them to two other output ports. A well designed diplexer should have low cost and high performance. Microstrip diplexers as low cost ones can be easily mounted on the dielectric substrate and can provide a more flexible design of the circuit layout [1] . Hence, microstrip diplexers were widely studied in the early 1960s by Matthaei et al. [2] and Wenzel [3] . In the past few years, much effort on the microstrip diplexer has been paid to reduce the size and improve the performance. Due to the interaction of two filters composing the diplexer, the characteristics of a microstrip diplexer are different from the responses of the individual two microstrip filters. The complexity of the interaction makes the design of a microstrip diplexer complicated [4] .
For the design of microstrip diplexers, the traditional approach is to design the two different filters individually and then to design a matching circuit. The most intuitive approach is to combine two BPFs with a T-junction or Y-junction [5] [6] [7] [8] [9] [10] . The method, which features the filter A (filter B) an open-circuit-load shunted to the filter B (filter A) at the frequency of the latter, is adopted to figure the dimensions of the connecting line for reducing the mutual loading effect between the filters. Owing to the well development of the BPF implementation [11, 12] , it is relatively easy to design decent diplexers based on this approach. This kind of diplexers, however, usually occupies a considerable footprint due to the required large size from the junction. In [13] [14] [15] [16] , the common resonator technology is proposed to remove the input junction in the diplexer designs and reduces the size to a large degree. However, since the passbands of the diplexer rely on the first two resonant frequencies of the common resonator, the common resonator needs to be chosen properly. Some interesting diplexer designs without distribution networks have appeared in the recent literatures [17] [18] [19] [20] [21] . A new topology of the diplexer with the common port directly connected to two filters was proposed and synthesized in [17] , although no design example was given. A design procedure for coupled resonator diplexers that does not employ any external junctions was also reported in [18] , and was further verified in [19] . In addition, the composite right/left-handed transmission lines [20] and substrate integrated waveguide (SIW) with complementary split-ring resonators [21] can be applied to the diplexer designs, which do not require matching network. Despite compact diplexers can be obtained, isolation and insertion loss of these diplexers are not satisfactory.
Furthermore, broadband or ultra-wideband (UWB) modern commination systems [22] [23] [24] [25] have promoted the development of the microstrip diplexer with broadband channel. But there are few literatures until now concerning microstrip diplexer with broadband or UWB application. In a previous work [26] , a microstrip diplexer for Bluetooth and UWB application is presented by combining two ringlike BPFs with tapped T-junction coupling line. A UWB microstrip diplexer in [27] is formed by two hairpin line filtering structures without the matching network and a tapped open stub used to introduce an attenuation pole to suppress the spurious response. However, the above mentioned diplexers [26, 27] in fact have the drawbacks such as low isolation and large dimension.
In this paper, a compact and high isolation microstrip diplexer for broadband and WLAN [28, 29] application is designed through the combination of two BPFs without the extra junction matching network. The BPF for broadband channel is formed by three-coupledline structure and two short stubs with different size loaded in 50 Ω feed lines, and the BPF for WLAN channel consists of two coupling QWRs and one open stub loaded in short parallel-coupling feed structure. Multiple transmission zeros can be created to achieve high out-band rejection of two filters owing to their intrinsic characteristics. The tapped stub connects other high out-band rejection BPF as an its part without deterioration of in-band performance. Because of the coupling between the tapped stub and the QWR, new transmission zero can be created at the other channel passband edge to improve the isolation. Finally, a microstrip diplexer is designed and fabricated, and a satisfactory agreement between the simulated and measured results validates the proposed configuration.
HIGH ISOLATION MICROSTRIP DIPLEXER DESIGN

Analysis of the Uniform Resonator Coupling Tapped Stub
As well-known, the stub loaded in the 50 Ω feed lines can be applied to generate new transmission zeros. And the transmission zeros generated by the open stub and short stub can be expressed as, respectively:
where l refers to the length of the stub, c the speed of light, and ε e the equivalent dielectric constant. Furthermore, the effects of the coupled different end uniform resonators on the open and short tapped stubs are investigated. The current distributions of six different cases are simulated by HFSS and shown in Figure 1 . The substrate used is RT/Duroid 5880 with a thickness of 0.508 mm, permittivity of 2.2 and loss tangent 0.0009. We can directly see that only the currents of the short uniform resonator The |S 21 | in dB of the different end uniform resonator coupling tapped stubs in the range of 0.1-10 GHz are interpreted in Figure 2 . The uniform resonators in the structures in Figures 1(a) , (b), (d) and (f) have less effect on the first transmission zero created by the tapped stub and cannot generate new transmission zero, for the mutual coupling between the uniform resonator and the tapped stub is very weak. But the short uniform resonators in the structures in Figures 1(c) and (e) can generate new transmission zeros T z2 and T z4 , respectively. As the gap g decreased, the transmission zero
GHz moves towards upper frequency, as shown in Figure 3(a) , whereas the transmission zero T z1 created by the open tapped stub moves downwards. We can see that the transmission zero T z4 in Figure 3 (b) mainly determined by the short uniform resonator is located at c/(4 √ ε e d 2 ) GHz, whereas the transmission zero T z3 created by the short tapped stub basically keeps unchanged. Hence, the structures in Figures 1(c) and (e) may be applied to improve the sharp skirt and wide stopband performance of the microstrip filter.
Sharp Skirt and Wide Upper-stopband Broadband BPF with Two Different Size Tapped Stubs
The broadband BPF is designed by using symmetric three-coupledline structure composed of a QWR side-coupled to two open stubs. Figure 4 depicts the general equivalent circuit of the structure with the termination conditions given by the following equations:
Thus, a simple analysis based on a transmission line model can be employed to investigate its filtering characteristics. As explained in [30] , the parameters of three-coupled-line structure are completely obtained in terms of the static capacitance matrix with the dielectric in place and removed. Based on the analysis in [30, 31] , the structure can produce three resonant modes, and the center frequency and passband bandwidth are mainly determined by the electrical length θ 0 of the QWR and the coupling gap, respectively.
To obtain a big 3 dB FBW, the BPF designed by using the structure with tight coupling in Figure 5 coupling between the QWR and open stub [31] . In our previous work [32] , the identical short stubs loaded in the 50 Ω feed lines of the broadband BPF with the dual-mode folded-T-type resonator can be applied to generate multiple transmission zeros. Here, the broadband BPF with the different size short tapped stubs in Figure 5 (a) is simulated and the |S 21 | in dB is illustrated in Figure 5 (b). We can see that three new transmission zeros T z4 , T z5 and T z6 can be created near the passband edge and in the upper-stopband. Further, Figures 6(a)  and (b) give the frequency responses with varied lengths d 1 and d 2 , respectively. As the length d 1 increased from 14.2 to 15.8 mm in Figure 6 (a), the transmission zeros T z1 , T z2 , T z3 and T z6 , specially the transmission zeros T z2 and T z6 , move towards the lower frequency, but the transmission zero T z5 near the passband edge shifts upwards. The transmission zeros in Figure 6 (b) remain almost unchanged, except the T z6 moves towards the lower frequency, while changing the length d 2 from 9.2 to 10.8 mm. Thus, a compact broadband BPF can be realized with sharp skirt and deep stopband performance by simply adjusting the lengths d 1 and d 2 .
Sharp Skirt and Wide Lower-stopband BPF with Tapped Stub
As shown in Figure 7 (a), the BPF for WLAN application consists of two coupling QWRs, denoted by the length l 1 + l 2 + l 3 and width w 1 , and short microstrip feedlines (k 1 + k 2 , w 1 ). The passband frequency depends on the electrical length of the resonator. External quality factors and coupling coefficients are determined by the gap g 1 and the length k 2 . The frequency responses with varied k 2 are simulated in the range of 0.1-11 GHz and interpreted in Figure 7 (b). We can see that two transmission zeros T z1 and T z2 can be generated near the passband edge. As explained in [33] , the short feedline can control source-load coupling easily to produce an equivalent feedback capacitor between I/O ports. Hence, the transmission zero T z2 created by the source-load coupling moves towards the passband edge, whereas the in-band and lower-stopband performance remain almost unchanged, as the length k 2 increased. But the length k 2 need to be reasonably chosen to obtain sharp skirt and compact size. Meanwhile, the filter with very deep lower-stopband performance can be realized, for the QWR has no resonate mode in lower-stopband.
Furthermore, the filter with one open stub with the length k 3 and width w 1 loaded in the 50 Ω feed line is simulated and compared in Figure 8 . Two transmission zeros T z3 and T z4 created by the open tapped stub can be adjusted in the lower-stopband and near the upper passband edge, which sharpen the skirt and deepen the stopband. However, the center frequency shifts downwards and the bandwidth become narrower. So the length l 1 + l 2 + l 3 and the gaps g 1 , g 2 need to be simply readjusted to obtain desired in-band performance.
High Isolation Microstrip Diplexer for Broadband and WLAN Application
Based on the features of the aforementioned sharp skirt and wide upper-stopband broadband BPF with two different size short tapped stub in Figure 5 (a) and sharp skirt and wide lower-stopband BPF with open tapped stub in Figure 8(a) , a microstrip diplexer, as shown in Figure 9 , may be designed through the combination of two filters. As a filter part, the longer short tapped stub in Figure 5(a) and open tapped stub in Figure 8 (a) are directly connected to common port without extra junction matching network, so more compact size can also be realized.
The mutual loading effect of two filters can be further investigated. The broadband filter with coupling short tapped stub and WLAN filter with coupling open tapped stub, as shown in Figure 10 , are simulated by HFSS, respectively. Figure 11 and Figure 12 give the simulated insertion losses of the broadband filter with coupling short tapped stub and WLAN filter with coupling open tapped stub. As discussed in Section 2.1, the QWRs in coupling short tapped stub and coupling open tapped stub can generate new transmission zeros T z7 and T z4 , respectively. Compared to the broadband filter with short tapped stub and WLAN filter with open tapped stub, only difference is that the transmission zeros T z2 and T z5 , near the transmission zero T z7 , and the transmission zero T z3 , near the transmission zero T z4 , are readjusted. Meanwhile, we can see from the Figure 11 and Figure 12 that the insertion losses of the broadband filter with coupling short tapped stub and WLAN filter with coupling open tapped stub show a better agreement with the corresponding channel in the diplexer. So, the mutual loading effect approximately equivalent to a coupled QWR can generate one new transmission zero at the passband edge to improve the isolation. Meanwhile, the compact diplexer remains the low insertion loss and high selective characteristics of two filters. To validate the design approach, the diplexer with 3 dB FBWs of 80% at 3.0 GHz for broadband channel and 5% at 5.8 GHz for WLAN channel is simulation and optimization by HFSS, and the dimensions are listed in Figure 9 .
EXPERIMENTAL RESULTS
After studying the characteristics of the microstrip diplexer for broadband and WLAN application, the diplexer is fabricated on the Duroid 5880 substrate and its photogragh is shown in Figure 13 . The filtering performance is measured by Agilent network analyzer N5230A. The simulated and measured frequency responses are shown in Figure 14 , and illustrated good agreement. The losses and the slight shift in the center frequencies are attributed to manufacturing tolerances. The measured 3 dB FBWs are 80.3% at 3 GHz for broadband channel and 3.45% at 5. sharp skirt, with an attenuation level of more than 59 dB. The upperstopband of the broadband channel in experiment is extended up to 8.68 GHz with an insertion loss larger than 35 dB. The out-of-band rejection level of the WLAN channel is better than 30 dB in the range of 0.1-5.36 GHz and 7.01-9 GHz. Meanwhile, the measured isolation greater than 37.5 dB in broadband passband and more than 46 dB in WLAN passband, as shown in Figure 14(b) , is achieved between two channels. In addition, the measured in-band group delay for broadband channel and WLAN channel in Figure 14 (c) and Figure 14 (d) vary from 0.3 to 0.6 ns and from 1.45 to 1.75 ns, respectively, which is quite small and flat in the broadband and WLAN passbands. The size without the 50 Ω feed lines is only 0.266λ × 0.277λ in which λ is the guided wavelength at 3 GHz.
CONCLUSION
In this paper, a novel compact, low insertion loss, sharp skirt and high isolation microstrip diplexer for broadband and WLAN application is proposed through the combination of two out-band rejection BPFs with the tapped stub without the extra junction matching network. Due to the intrinsic characteristics and mutual loading effect of two filters, multiple transmission zeros can be generated to achieve sharp skirt, deep stopband and high isolation of the diplexer. Finally, a microstrip diplexer with the 3 dB FBWs of 80% at 3 GHz for broadband channel and 5% at 5.8 GHz for WLAN channel is designed and fabricated. The good agreement between the simulated and measured results demonstrates the validity of our proposed structure.
